Cerebrovascular concentrations of prostaglandin E (PGE), prostaglandin F2, (PGF2.), 6-ketoprostaglandin F,a (6-keto-PGFma), and thromboxane B2 (TXB2) were determined over a blood pressure range of 17-117 mm Hg (induced by inflation of balloon-tipped catheters placed in the thoracic descending aorta and at the aortic root) in eight newborn piglets to assess the role of prostanoids in cerebral blood flow (CBF; measured using radioactive microspheres) autoregulation. Basal systemic blood pressure, heart rate, blood gases, total CBF, and prostanoid concentrations were stable. CBF was constant between 50 and 90 mm Hg, but Received December 7, 1988; accepted May 7, 1990. lation, because indomethacin attenuated the increases in CBF during hypotension/volume reexpansion.
concentrations of TXB2 than of PGE, PGF2., and 6-keto-PGF,.; at the lowest blood pressures, TXB2 increased by 658±44%, and prostaglandins increased on the average by 331±49%1 (p<O.Ol) from their values during normotension (50-90 mm Hg). During hypertension (91-117 mm Hg), cerebrovascular production and concentrations of prostaglandins increased by 142±31% and 45± .10%, respectively, but did not change for TXB2. Based on these findings we speculate that the marked increase in the potent vasoconstrictor thromboxane during hypotension may set the lower limit of CBF autoregulation to a blood pressure of 50 mm Hg and that the increase in vasodilator prostaglandins during hypertension may contribute to the pressure passivity of CBF above 90 mm Hg. These data may imply that the increase in cerebrovascular prostaglandins during relatively mild elevations in blood pressure may lead to distention and ultimately rupture of cerebral blood vessels in the newborn. (Circulation Research 1990; 67:674-682) T he fetus and newborn exhibit autoregulation of cerebral blood flow (CBF) over a narrow range of systemic blood pressures.1,2 The mechanisms determining the limits of CBF autoregulation are not known. Prostaglandins affect CBF of the newborn34 and may be involved in the regulation of CBF at the lower limit of the CBF autoregulatory range.5'6 Brain and sagittal sinus concentrations of prostaglandins have been shown to increase during hypotension, possibly to maintain CBF. [4] [5] [6] In addition, studies by Ment et a17 imply that prostaglandins may also play a role near the upper limit of CBF autoregu-lation, because indomethacin attenuated the increases in CBF during hypotension/volume reexpansion.
Prostanoid concentrations in the cerebral vasculature of the newborn have not been measured over a wide range of systemic blood pressures and beyond the limits of CBF autoregulation. We propose that, if prostanoids are involved in CBF autoregulation, their cerebrovascular concentrations will change as a function of systemic blood pressure. The information obtained from these changes in prostaglandin and thromboxane concentrations may help to define the contribution of prostanoids in setting the range of CBF autoregulation in the newborn. Therefore, we measured the major cerebrovascular prostaglandins8 '9 and thromboxane B2 (TXB2) over a wide range of systemic blood pressures and beyond the limits of CBF autoregulation, using the newborn piglet as a model. Figure  1 . The piglets were kept calm but awake by breathing spontaneously, into a sealed mask, a prepared gas mixture of 50% N20, 20% 02, and 30% N2, which does not affect CBF autoregulation.1" The baseline CBF was determined. Twenty minutes later one of the balloon catheters was randomly chosen to be inflated to obtain a desired blood pressure. When a steady-state blood pressure was achieved (within 30 seconds of filling of the balloon), CBF was again determined. The balloon was slowly deflated after the measurements, and the piglet was subsequently allowed to rest for 60 minutes, after which a second baseline CBF was measured during normotension. Twenty minutes later, CBF was measured for the last time after inflating the second balloon-tipped catheter to obtain another desired blood pressure. Thus, each piglet was subjected to hypotension and hypertension, which were induced in a random order. A blood pressure tracing from a typical experiment is depicted in Figure 2 . The blood pressures were predetermined to cover a range of mean pressures from 17 to 117 mm Hg. The term blood pressure will refer to mean systemic blood pressure, unless otherwise specified.
Immediately after each microsphere injection and after withdrawal of the reference blood sample, blood was withdrawn from the sagittal vein and left subclavian artery for the determination of blood gases and oxygen saturation of hemoglobin, concentration of hemoglobin, and assays of plasma prostaglandin E (PGE), prostaglandin F2a (PGF2,), 6- ketoprostaglandin F,a (6- order. Each injection, which contained approximately 300,000 microspheres, was administered into the left ventricle,13 after which the catheter was flushed with 2 ml saline. Reference blood samples were withdrawn from the left subclavian catheter beginning 10 seconds before microsphere injections and continuing for 70 seconds at a rate of 2 ml/min using an infusion/withdrawal pump (Harvard Apparatus, South Natick, Mass.). Each reference sample contained over 650 microspheres, and each brain region examined (see below) contained more than 2,000 microspheres, regardless of the induced changes in blood pressure. This strongly suggested adequate mixing and distribution of the microspheres.12 Furthermore, the similarity in the distribution of the radiolabeled microspheres to various areas of the brain also indicated an evenness of mixing of microspheres'2 (CBF of various brain regions is plotted on Figure 3 Figures 3 and 4 . The data were combined to construct the regression curves, which were analyzed according to analogous study protocols,2'15 because of the limited number of different radiolabeled microspheres one can inject in each animal to avoid adverse hemodynamic effects from the microspheres per se.12 For linear correlation, Pearson's product-moment correlation coefficient (r) was calculated. For data exhibiting nonlinearity, the significance of association was tested using nonlinear correlation analysis by calculating Kendall's coefficient of rank correlation (,r) which exhibits greater normal approximation than other rank correlation coefficients. 16 The best-fit line was determined by using the method of least squares of a polynomial regression analysis and by calculating the coefficient of determination (R12).
Stepwise testing was used to assess whether a statistically significant improvement in R2 was achieved after each increase in power of the polynomial function; this procedure thus allowed for determination of the best-fit line of the data points.1617 The best-fit line was established as that having the last sequentially entered polynomial order to produce a significant improvement in R2.16,17 Statistical significance was set atp<0.05. Values are expressed as mean+ SEM, unless otherwise specified.
Results

Stability of Experimental Preparations
Arterial pH, Po2, Pco2, and heart rate remained stable throughout the course of an experiment and did not change with blood pressure (Table 1) . Although the heart rate measured immediately after the blood pressure adjustment was inversely related to blood pressure (r= -0.48; p=0.05), approximately 30 seconds later during blood flow determination there was no significant relation between heart rate and mean blood pressure (r=0.29;p=0.19). This can be appreciated from a typical blood pressure tracing taken from a piglet during one of the experiments and shown in Figure 2 . First and second baseline measurements of systolic, diastolic, and mean blood pressure, total and regional CBF, arterial and sagittal sinus prostanoid concentrations, and cerebrovascular production of prostanoids were also not significantly different (Tables 1 and 2 ).
Cerebral Blood Flow Autoregulation CBF as a function of mean blood pressure is shown in Figure 3 for the total brain, as well as for the cortex, periventricular area, brain stem, and cerebellum. Total and regional CBF were constant between 50 and 90 mm Hg (r= -0.07 to 0.36; p>0.46) and varied directly with blood pressure below and above this range (r=0.42 to 0.51; p<0.05). A fifth-order polynomial regression was the best fit for all points: R2=0.75 to 0.87 (p<0.0001). Regional differences revealed that in the blood pressure range of 50-90 mm Hg the periventricular area exhibited a lower blood flow than total CBF (76+6 and 93 ± 11 ml/min/ 100 g, respectively; p<0.05). Figure 4 (solid lines). Among the various prostaglandins, there were no differences in the correlations of their sagittal sinus concentrations and mean blood pressure and total CBF (Figure 4) (Figure 4 , panels a-c and e-g).
The concentrations of PGE, PGF2, and 6-keto-PGFla in the sagittal sinus increased by 361±56%, 330±50%, and 301±44%, respectively, when blood pressure was lowered below 50 mm Hg. When blood pressure was raised above 90 mm Hg, the concentrations of PGE and PGF2a were augmented by 53±9% and 55±8%, whereas those of 6-keto-PGFia increased slightly less (37±5%; p<0.05). In contrast, concentrations of TXB2 remained lowest and did not change above a blood pressure of 60 mm Hg and a total CBF of 75 ml/min/100 g (Figure 4 , panels d and h). TXB2 concentration exhibited the highest increase of all prostanoids during hypotension (658 ±+44%; p<0.05), as shown in Figure 4d .
Prostanoid concentrations in the arterial blood were lower than those in the sagittal sinus (p<0.01), except for concentrations of TXB2 during blood pressures above 60 mm Hg and total CBF greater than 75 ml/min/100 g ( Figure 4 , dashed lines; Mean BP (mm Hg) prostaglandins, r= -0.37 to -0.69,p<0.01; for TXB2, r= -0.99, p<O.OOOl) and exhibited a sinusoidal-like waveform fifth-order polynomial relation to mean blood pressure (R2=0.41 to 0.68;p<0.005), as shown in Figure 5 . Among the prostaglandins, there was no difference in the correlations between cerebrovascular production and mean blood pressure. Beyond the blood pressure range of 60 and 90 mm Hg, prostaglandin production increased, but it decreased when blood pressure was reduced below 40 mm Hg ( Figure 5 , panels a-c). In contrast, a net cerebrovascular production of TXB2 was only observed during hypotension (Figure 5d ). 
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cerebrovascular events have been attributed to the cumulative concentrations of prostanoids in the brain during periods of ischemia. 19-22'24'25 In addition, the recently reported enhancement in CBF autoregulation in the newborn animal after cyclooxygenase inhibition35 further supports a role for prostanoids in CBF autoregulation.
The increases in cerebrovascular concentration and production of vasodilator prostaglandins, PGE, PGF2a, and prostaglandin 12, observed in this study during a decrease in blood pressure, are possibly the result of an attempt to maintain a constant CBF, as previously suggested.46 But concentrations of the vasoconstrictor thromboxane,8'19'36 equally potent and effective in young and older animals,37 also increased (Figure 4) . Although a summation of the effects of all four prostanoids on the cerebral vasculature would be expected, we speculate that the increase in thromboxane, which is several times more potent than the weaker vasodilator prostaglandins,19'36'38 may have counteracted the action of the prostaglandins and contributed to the decrease in CBF at the lower limit of CBF autoregulation. These data and inferences are supported by other studies that have suggested the participation of thromboxane in the decrease in CBF during hypotension. 19-22'25'26 The increases in cerebrovascular prostaglandins observed during hypertension ( Figure 4 , panels a-c) have been proposed to occur by others7,39 and possibly to enhance CBF autoregulation in the adult. 40 Our findings are consistent with reported increases in prostaglandin release during increases in perfusion pressure in ex vivo experiments.41 Stretch of isolated adult cerebral vessels can also evoke a prostanoiddependent contraction.40 However in contrast to adults,842 PGE, PGF2<, and prostaglandin '2, which are released by cerebral vessels,89 increase CBF in the younger animal.3 Therefore, the hypertensioninduced increases only of prostaglandins (Figure 4 ) may have contributed to the pressure passivity of CBF in the newborn at blood pressures above 90 mm Hg (Figure 3) .
The mechanisms of increases of prostanoid concentrations are probably different during hypotension and hypertension.36 PGE, PGF2a, and 6-ketoPGF1a most likely arise from the cerebral vasculature and parenchyma.36 On the other hand, TXB2 is probably produced from platelets and brain parenchyma during tissue ischemia4,2l125,2943 and minimally produced by the cerebral vasculature.8,9'36 During a sudden decrease in blood pressure, arachidonic acid is released, and its conversion to prostanoids depends upon adequate delivery of oxygen to the tissues. 23 The decreases in the production of all prostanoids during cerebral ischemia at blood pressures below 40 mm Hg were probably due to a reduction in tissue oxygenation, leading to a reduction in cyclooxygenase activity.22 '23"44 Several vasoactive mediators seem to be involved in the regulation of CBF,45 and these may interact with prostanoids.4647 But none has explained the mechanisms that determine the range of CBF autoregulation of the newborn animal. Our findings suggest that prostanoids may play a role in CBF autoregulation. It is possible that the blood pressuredependent changes in plasma prostanoids are coincidental and secondary to changes in CBF. 4, 6, 39, 41 However, our recent findings that inhibition of prostanoid synthesis with ibuprofen widened the CBF autoregulatory range of the newborn piglet, both at its upper and lower blood pressure limits,35 support a role for prostanoids in this process.
The findings of this study are relevant in understanding the pathogenesis of ischemic and hemorrhagic encephalopathies of the newborn. We suggest that the increase in concentrations of the cerebral vasodilators PGE2 and PGF2. may limit adequate vasoconstriction necessary for maintaining a constant CBF during elevated blood pressure, in contrast to the situation in the adult. 48 Thus, in the newborn, CBF may increase inappropriately during hypertension and lead to distention and ultimately rupture of cerebral blood vessels.49 On the other hand, an increase in the vasoconstrictor thromboxane during hypotension may contribute to ischemic brain insults of the newborn, as suggested for adults. 19-22'24'43 In conclusion, cerebrovascular concentrations of PGE, PGF2,, 6-keto-PGFl, and TXB2 change as systemic blood pressure approaches the limits of CBF autoregulation and exhibit marked blood pressuredependent changes beyond the limits of autoregulation. These changes in cerebrovascular prostanoids, in concert with their effects on the cerebral vasculature of the newborn,3,4 suggest that prostaglandins and thromboxane may play a role in setting the limits of CBF autoregulation of the newborn animal.
